Abstract-This paper studies the simultaneous wireless information and power transfer (SWIPT) in a multiuser wireless system, in which distributed transmitters send independent messages to their respective receivers, and at the same time cooperatively transmit wireless power to the receivers via energy beamforming. Accordingly, from the wireless information transmission (WIT) perspective, the system of interest can be modeled as the classic interference channel, while it also can be regarded as a distributed multiple-input multiple-output (MIMO) system for collaborative wireless energy transmission (WET). To enable both information decoding (ID) and energy harvesting (EH) in SWIPT, we adopt the low-complexity time switching operation at each receiver to switch between the ID and EH modes over scheduled time. For the hybrid system, we aim to characterize the achievable rate-energy (R-E) trade-offs by various transmitter-side collaboration schemes. Specifically, to facilitate the collaborative energy beamforming, we propose a new signal splitting scheme at the transmitters, where each transmit signal is generally split into an information signal and an energy signal for WIT and WET, respectively. With this new scheme, first, we study the two-user SWIPT system over the fading channel and derive the optimal mode switching rule at the receivers as well as the corresponding transmit signal optimization to achieve various R-E trade-offs. We also compare the R-E performance of our proposed scheme with transmit energy beamforming and signal splitting against two existing schemes with partial or no cooperation of the transmitters. Next, the general case of SWIPT systems with more than two users is studied, for which we propose a practical transmit collaboration scheme by extending the result for the two-user case: we group users into different pairs and apply the cooperation schemes obtained in the two-user case to each paired group. Furthermore, we present a benchmarking scheme based on joint cooperation of all the transmitters inspired by the principle of interference alignment, against which the performance of the proposed scheme is compared.
I. INTRODUCTION

S
IMULTANEOUS wireless information and power transfer (SWIPT), as an emerging technology by which mobile devices are enabled with both wireless information and energy access at the same time, has recently drawn significant interests. However, the new consideration of dual wireless information transmission (WIT) and wireless energy transmission (WET) imposes various new challenges on wireless system design (see, e.g., [1] - [18] ). Among others, one critical
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issue for implementing SWIPT is the practical limitation that existing energy harvesting circuits cannot be used to decode and harvest the radio-frequency (RF) signals concurrently [1] , [2] . To overcome this difficulty, two practical receiver designs have been proposed for SWIPT, namely time switching (TS) and power splitting (PS) [1] , [2] . With TS, a receiver switches its operation between the two modes of information decoding (ID) and energy harvesting (EH) over time, while with PS, the received signal is split into two streams with one stream used for ID and the other stream for EH. It is worth noting that TS can be practically implemented at a relatively lower cost as compared to PS, since the former requires only signal switches at the receivers whereas the latter needs more costly signal splitters.
Building upon these two practical receiver designs, a handful of research work on SWIPT has been reported recently. In particular, for point-to-point wireless channels, two practical receiver architectures for SWIPT have been proposed in [2] with separated or integrated ID and EH circuits at the receiver, based on which the authors characterized various performance trade-offs in WIT versus WET via the boundary of a socalled rate-energy (R-E) region. In [3] and [4] , the authors have investigated the optimal TS and PS schemes, respectively, for fading SWIPT channels. The TS and/or PS schemes have been further studied in wireless relay-assisted communications [5] - [7] . An information-theoretic study on the point-to-point SWIPT channel was also given in [8] .
Furthermore, for the case of wireless broadcast channels, a multiple-input multiple-output (MIMO) SWIPT system has been first studied in [1] , which optimizes the spatial transmit precoding for achieving various R-E trade-offs for a pair of ID and EH receivers that are either separated or colocated. It is worth noting that in [1] the rank-one transmit precoding (namely, energy beamforming) was shown to be optimal if only the efficiency of WET is maximized under a sum-power constraint at the multi-antenna transmitter. The work in [1] has been extended to multiple-input single-output (MISO) SWIPT systems with more than two single-antenna receivers in [9] with TS receivers and in [10] with PS receivers, respectively. Moreover, SWIPT based broadcast systems have been further investigated in multiuser orthogonal frequency division multiplexing (OFDM) channels [11] - [13] , and also for secrecy beamforming design problems [14] , [15] .
Besides the point-to-point and point-to-multipoint (i.e., broadcast channel) setups, the study on SWIPT for the more general multipoint-to-multipoint systems has been recently pursued in [16] - [18] , in which multiple transmitters send independent messages to their corresponding receivers, and at the same time broadcast power wirelessly to all the receivers. From the perspective of WIT, the system can be modeled as the classic interference channel (IC), while it also can be regarded as a MIMO WET system with distributed transmitter and receiver nodes. Specifically, in [16] and [17] , the authors have studied various transmit beamforming schemes in MISO-IC based SWIPT systems with TS and PS receivers, respectively. Furthermore, in [18] , a two-user SWIPT system under the MIMO-IC setup with TS receivers has been investigated, where the two receivers are assumed to switch among the following four possible operation modes: mode (EH, EH), where both receivers harvest energy, mode (ID, EH) (or mode (EH, ID)), where one receiver decodes information (from its intended transmitter) and the other receiver harvests energy, or mode (ID, ID), where both receivers decode information from their corresponding transmitters. For each of the above four operation modes, the achievable R-E trade-offs have been analyzed in [18] , especially for the high signal-to-noise ratio (SNR) regime by assuming independent (non-collaborative) WET of the two transmitters.
Although the SWIPT system under the general multipointto-multipoint setup is practically modeled as MIMO-IC for WIT due to the lack of joint processing and message sharing over the transmitters, from the perspective of WET, we can further improve the energy transfer efficiency of MIMO WET by jointly optimizing the energy signal waveforms at different transmitters based on the MIMO channels to the receivers, thus achieving an energy beamforming gain [1] . However, different from [1] where the transmit antennas are all equipped at one single transmitter and thus practically subject to a sumpower budget, the energy beamforming design here needs to consider a set of individual power constraints for distributed transmitters. It is worth pointing out that the energy signals at distributed transmitters can be designed offline and stored for real-time transmission (as will be shown later in this paper), which is in sharp contrast to information signals that are independent and randomly distributed over different transmitters and as a result their real-time joint processing is more difficult to be implemented than collaborative energy beamforming. Furthermore, in this paper we introduce a new signal splitting scheme for distributed transmitters, where each transmit signal is in general composed of an energy signal component and an information signal component, in order to facilitate collaborative WET (to other receivers in EH mode) via energy beamforming concurrently with WIT (to its intended receiver in ID mode). It is also assumed that the offlinedesigned energy signals are perfectly known at all the receivers and thus they can be practically canceled at each receiver prior to decoding the desired information signal. For the purpose of illustration, an example of a three-user SWIPT system with proposed collaborative WET is depicted in Fig. 1 , where a network coordinator is assumed to collect the information from all the transmitters required for the joint design of transmitters' signal splitting and energy beamforming, and then send the designed parameters to individual transmitters for their realtime transmission. It is worth pointing out that the signal splitting concept has also been introduced in other SWIPT systems, but for different purposes; for example, in [14] and [15] , the transmit signal is split into information and energy signals, where the latter carries artificial noise for protecting the information sent from being eavesdropped by the energy receivers.
The main results of this paper are summarized as follows:
• First, we consider the special case of a two-user SWIPT system to obtain insight as well as optimal design. In this case, similar to [18] , we assume that the SWIPT system operates by switching among the four modes of (EH, EH), (ID, EH), (EH, ID), and (ID, ID). However, different from [18] , due to the newly proposed transmit cooperation with energy beamforming and signal splitting, new analysis is given to characterize the achievable R-E performance. Specifically, for mode (EH, EH), we show that energy beamforming with one single energy beam is optimal for maximizing the WET efficiency under pertransmitter power constraints, and also derive the closedform expression for the optimal energy beamforming weights. We then apply the energy beamforming design jointly with signal splitting to optimize the R-E tradeoff for mode (ID, EH) or (EH, ID). The results obtained are applied to SWIPT over block-fading channels, under which the optimal mode switching rule at the receivers and the corresponding transmit signal optimization are solved. We also compare the R-E performance of our proposed scheme with collaborative energy beamforming and signal splitting against two existing schemes in the literature with partial transmit collaboration [18] or no transmit collaboration [3] . We show that our new scheme achieves substantially enlarged R-E regions as compared to these two baseline schemes.
• Next, we study the general K-user SWIPT system with K > 2. Due to the prohibitive complexity of exhaustively searching for the optimal operation modes for all users as well as the associated signal splitting and precoding designs for collaborative WET when K becomes large, we propose a suboptimal scheme of lower complexity. This scheme, called pairwise cooperation, is based on users' pairwise collaboration, where we divide the K users into K/2 groups (assuming K is an even integer) with each group consisting of two transmitter-receiver pairs. Then over different paired groups, we apply the collaboration schemes obtained for the two-user case. Furthermore, to obtain a performance benchmark, we present a new scheme based on joint collaboration of all the transmitters, which is inspired by a recently introduced transmission technique for the K-user IC, called ergodic interference alignment [19] . In this scheme, all the transmitters/receivers switch their operation modes between ID and EH synchronously, where in ID mode, the transmitters employ ergodic interference alignment for collaborative WIT while in EH mode, they employ energy beamforming (with more than one energy beams in general) for collaborative WET. The rest of this paper is organized as follows. Section II introduces the system model of the K-user SWIPT system and our proposed signal design. Section III characterizes the optimal R-E trade-off over fading channels for the twouser case, as compared to two existing schemes. Section IV considers the multiuser SWIPT system. Section V provides simulation results. Finally, Section VI concludes the paper.
Notation: Scalars are denoted by lower-case letters, vectors by bold-face lower-case letters, and matrices by bold-face upper-case letters. I and 0 denote an identity matrix and an all-zero matrix, respectively, with appropriate dimensions. For a square matrix S, Tr(S), Rank(S), and S −1 denote its trace, rank, and inverse (if S is full-rank), respectively; S 0 (S 0) means that S is positive (negative) semidefinite. Diag(a) denotes a diagonal matrix with the main diagonal given by vector a. For a matrix M of arbitrary size, M H and M T denote the conjugate transpose and transpose of M , respectively; and
denotes the statistical expectation. The distribution of a circularly symmetric complex Gaussian (CSCG) random vector with mean x and covariance matrix Σ is denoted by CN (x, Σ), and ∼ stands for "distributed as". C x×y denotes the space of x×y complex matrices. z denotes the Euclidean norm of a complex vector z, while |z| and z * are the absolute value and the complex conjugate of a complex number z, respectively.
II. SYSTEM MODEL We consider a K-user SWIPT system consisting of K single-antenna transmitter-receiver (Tx-Rx) pairs, denoted by the set K = {1, 2, ..., K}. It is assumed that all Txs share the same band for WIT and WET over flat-fading channels. For WIT, the system can be modeled by the K-user singleinput single-output (SISO) IC, since we do not consider joint information processing at different Txs. The baseband complex channel coefficient from Tx l to Rx k (k, l ∈ K) is denoted by h kl . It is assumed that h kl 's are all known at the network coordinator (see Fig. 1 ), which provides the transmit design for all Txs. For convenience, we define the channels from all Txs to Rx k in a vector h k = [h k1 , ..., h kK ], k ∈ K. The discrete-time signal received at Rx k is then given by
where n denotes the symbol index;
T is the transmit signal vector with x k (n) denoting the transmitted signal from Tx k; and z k (n) is the additive noise at Rx k. It is assumed that
We consider the practical peakpower constraint at each Tx, which limits the instantaneous transmit power, i.e., E n [|x k (n)| 2 ] ≤ P max , ∀k ∈ K, where P max denotes the maximum power budget at all Txs.
In order to enable collaborative WET along with WIT, in this paper we employ a new signal splitting scheme, by which the transmit signal at each Tx in general consists of an information signal component and an energy signal component, i.e.,
where x I k (n) and x E k (n) denote the information signal and energy signal at Tx k, respectively. It is assumed that the information signal x I k (n) is an independent and identically distributed (i.i.d.) CSCG random variable with zero-mean and variance (power) p I k , denoted by x 1 (n) with different weights drawn from √ q 1 v 1 . From a practical consideration, it is desirable to have small d E due to the following two reasons. First, it is practically sensible to reduce the number of energy signals stored at each Tx which is equal to d E . Second, as will be shown later in this paper, the pre-designed energy signals should be canceled at each Rx prior to ID to improve the WIT rate, which requires that each Rx cancels up to d E number of interference signals due to WET; thus, it is desirable to keep d E small.
In this paper, we adopt the TS scheme at each Rx. For convenience, we define an indicator function to denote the working mode of Rx k as follows:
Using (1), for WET, the harvested power at Rx k due to the information/energy signals from all Txs can be expressed as
where the constant 0 < ζ ≤ 1 represents the efficiency in harvesting and storing received energy. For notational brevity, we assume ζ = 1 in the sequel, unless otherwise stated. Note that since the background noise power σ 2 k is practically much smaller as compared to the average received signal power from the viewpoint of WET, here we have ignored it in the expression of harvested power. On the other hand, for WIT, it is assumed that the interference at Rx k due to the energy signals, i.e., x E l (n), l ∈ K, can be first perfectly canceled by Rx k, since the energy signals are pre-designed pseudorandom signals which can be stored at all Rxs for interference cancellation. However, the interference due to the information signals from other Txs, i.e., x I l (n), l ∈ K, l = k, remains and is assumed to be additional noise at each Rx k, for a practical receiver implementation. Therefore, for WIT, the achievable rate at Rx k can be expressed as
In the following two sections, we first investigate the transmit collaboration designs and the achievable R-E performance for the special case of a two-user SWIPT system over fading channels, and then address the general K-user SWIPT system with K > 2.
III. COLLABORATIVE TRANSMISSION FOR SWIPT: TWO-USER CASE
In this section, we focus on the two-user SWIPT system, i.e., K = 2, over flat-fading channels. For the purpose of exposition, in the sequel we use index ν to indicate channel fading state, e.g., h kl (ν) denotes the channel from Tx l to Rx k at fading state ν. We assume the block fading model such that the channel h kl (ν), k, l ∈ K, remains constant during each block for a given fading state ν, but can vary from block to block as ν changes. Furthermore, we define ρ(ν) = (ρ 1 (ν), ρ 2 (ν)) as the working modes of the two users at fading state ν, and denote the set of all four possible mode combinations as M = {ρ(ν) : ρ k (ν) ∈ {0, 1}, k = 1, 2}. Specifically, the four modes are (EH, EH) with ρ(ν) = (0, 0), (ID, EH) with ρ(ν) = (1, 0), (EH, ID) with ρ(ν) = (0, 1), and (ID, ID) with ρ(ν) = (1, 1), at fading state ν, similar to those considered in [18] .
In the rest of this section, we first formulate the design problem for characterizing the optimal R-E trade-off of the two-user system, by jointly optimizing the Rxs' mode switching rule and Txs' collaborative signal design. Next, we derive the optimal solution to this problem. Finally, we introduce two suboptimal schemes based on the existing results in [3] , [18] .
A. Problem Formulation
In this paper, we consider two performance metrics for the SWIPT system, which are the average sum-capacity for WIT and the average harvested power of individual Rxs for WET. For convenience, we define p I (ν) = (p I 1 (ν), p I 2 (ν)) as the power allocation vector to the information signals for the two Txs at fading state ν. It is worth noting that at one particular fading state ν, the harvested power and achievable rate given in (2) and (3), respectively, are functions of ρ(ν), p I (ν), and/or S E (ν). To characterize the optimal R-E trade-off, we formulate the following problem by jointly optimizing ρ(ν), p I (ν), and S E (ν).
(P1) :
Maximize
subject to
where F is the feasible set for {p I (ν), S E (ν)}, defined as
andQ k is the average harvested power requirement for Rx k. By solving problem (P1), the network coordinator obtains the optimal operation modes ρ(ν) for the two users as well as the corresponding optimal transmit power allocation p I (ν) and energy beamforming matrix S E (ν) at the two Txs at each fading state ν. We refer to this cooperation scheme for SWIPT as full cooperation (FC). It is worth noting that problem (P1) is in general nonconvex, since the objective function is non-concave over p I (ν), and furthermore the constraints in (5) and (6) are in general non-convex due to the binary variables for mode switching. However, under the assumption that the fading channel distribution is continuous over ν, it can be shown that strong duality still approximately holds for (P1), since this problem satisfies the so-called time-sharing condition [20] . As a result, we can apply the Lagrange duality method to solve (P1) optimally, for which the detail is given next.
B. Optimal Solution
In this subsection, we study the optimal solution of problem (P1) with the FC scheme. First, the Lagrangian of (P1) is formulated as
where µ 1 , µ 2 ≥ 0 are the dual variables associated with the constraints in (5) for k = 1, 2, respectively. Then, the Lagrange dual function of (P1) is given by The resulting dual problem of (P1) is thus given as follows.
The maximization problem in (8) is for obtaining the dual function, which can be efficiently solved by considering a set of subproblems all having the same structure and each for one particular fading state ν. For one particular fading state ν, the associated subproblem is expressed as
where by discarding some irrelevant constant terms in
Note that the fading state index ν has been omitted in the above formulation for brevity. Problem (8) can thus be solved by solving parallel problems in (9) for different fading states, given µ 1 and µ 2 . It is then observed that problem (9) for each fading state ν can be solved by first finding the optimal solution, denoted byp I andS E , to maximize f (10) with each given ρ ∈ M, and then by comparing the resulting values of f FC ν (ρ,p I ,S E ) over ρ ∈ M to obtain the optimal solution for ρ, denoted by ρ ⋆ , i.e.,
. Finally, with the obtained ρ ⋆ , the corresponding optimal solution for p I and S E of problem (9) can be found, denoted by p ⋆ I and S ⋆ E , respectively. In the following, we solve problem (9) for different modes of ρ ∈ M.
1) Mode (EH, EH):
Consider first the case of ρ = (0, 0). According to (3), we have R 1 = R 2 = 0. Note that for this case, we can easily havep 
It can then be shown that problem (9) in this case is equivalent to the following problem.
where I 1 and I 2 are defined as
It can be shown that (P1.1) is a semidefinite program (SDP) and thus can be solved efficiently via existing software, e.g., CVX [21] . However, in the following proposition we present a closed-form solution to (P1.1) to provide further insight.
Proposition 3.1:
The optimal solution to (P1.1), denoted bȳ S E , is given byS
where α =h
Proof: See Appendix A. From (14) , it is observed that the two Txs should both transmit with maximum power P max , and furthermore the optimal transmit covariance can be expressed asS E = P max vv
T is the beamforming vector, since we have α * = 1/α and |α| = 1. In other words,S E is of rank-one, i.e., only one single energy beam is used for collaborative energy beamforming at the two Txs. As a result, Tx 1 and Tx 2 only need to store one common pseudo-random energy signal and the network coordinator only needs to send the phase of α (a real scalar between 0 and 2π) to Tx 2 to implement the optimal collaborative energy beamforming.
2) Mode (ID, EH) or (EH,
Then problem (9) in this case can be expressed as
subject to {p
To solve (P1.2), first it can be shown thatp
, where from (7) we havep
In other words, the two Txs should both transmit with maximum power P max , since the energy signals from both Txs can be canceled at Rx 1 and thus it is desirable for the two Txs to transmit their maximum power. Withp E 1 = P max −p I 1 andp E 2 = P max at hand, it can be shown that (P1.2) is a special case of (P1.1) with µ 1 = 0. With µ 1 = 0 in Proposition 3.1, the optimal S E for (P1.2) can be expressed asS E = uu H , where
To determine the optimal p 
subject to 0 ≤ p
where from (15) y(p I 1 ) is defined as
It can be shown that y(p I 1 ) is a concave function of p I 1 for 0 ≤ p I 1 ≤ P max ; hence, the optimal solution to problem (17) can be efficiently obtained by e.g., Newton's method [22] . Thus,S E is obtained.
SinceS E is of rank-one in this case, similar to the case of mode (EH, EH), only one energy beam is needed for collaborative energy beamforming at the two Txs. It is worth noting that in this case, according to (16) , the network coordinator needs to send the optimal power allocation for the transmitted information signal to Tx 1, i,e.,p I 1 by solving problem (17) , and the phase of h * 21 h 22 to Tx 2 to implement collaborative energy beamforming for WET to Rx 2.
3) Mode (ID, ID): Finally, consider the case of ρ = (1,
, and hence problem (9) 
3) is a non-convex problem. However, it has been shown in [23] that on-off power control is optimal for this problem. Specifically, by defining P ⋆ = {(0, P max ), (P max , 0), (P max , P max )}, then the optimal solution to (P1.3), denoted byp I , is given bȳ
It is worth noting that, as can be observed from (18), the network coordinator only needs to send an on/off (binary) signal to each Tx in this case, according to the optimal power solution for (18) .
To summarize, with a given pair of µ 1 and µ 2 , problem (9) has been efficiently solved for different operation modes of ρ ∈ M. Then, problem (9) is solved for each fading state ν, by finding the mode ρ that maximizes f FC (ρ,p I ,S E ) defined in (10) . Then, the sub-gradient based method such as ellipsoid method [22] can be applied to
C. Suboptimal Schemes
In this subsection, we introduce two suboptimal solutions to problem (P1) based on existing schemes in [18] and [3] , namely partial cooperation and no cooperation, respectively, for comparison with our proposed FC scheme.
1) Partial Cooperation:
In this scheme, there is no signal splitting applied at each Tx and the transmitted signal at each Tx is only information signal, i.e., x k (n) = x I k (n), k = 1, 2. As a result, collaborative energy beamforming cannot be applied, where the two Txs cooperate by only jointly determining the power allocation (i.e., p I (ν) = (p I 1 (ν), p I 2 (ν))) and the Rx operation modes (i.e., ρ(ν) = (ρ 1 (ν), ρ 2 (ν))) at each fading state ν. From (2), the harvested power at Rx k at fading state ν is thus given by
wherek := {1, 2}\{k}. Next, from (3), the achievable rate at Rx k at fading state ν is given by (7) is simplified as
It then follows that problem (P1) is reduced to the following problem in the case of partial cooperation (PC).
Similar to (P1), problem (P2) can be decoupled into parallel subproblems each for one fading state ν and expressed as (by omitting the fading state ν)
where
with µ 1 , µ 2 ≥ 0 denoting the dual variables associated with the constraints in (21) for k = 1, 2, respectively. Problem (22) can then be solved by first finding the optimal solution, denoted byp I , that maximizes f PC ν (ρ, p I ) in (23) with given ρ ∈ M, and then searching ρ that maximizes f PC ν (ρ,p I ) over ρ ∈ M. Similar to problem (9), (P2) is then solved by searching the optimal dual solution (µ ⋆ 1 , µ ⋆ 2 ) based on the ellipsoid method. Therefore, in the following we focus on solving (22) with given ρ ∈ M.
• Mode (EH, EH): In this case, ρ = (0, 0). According to (19) and (20), problem (22) in this case is expressed as
It can be observed that the optimal solution of (P2.1) is given byp I = (P max , P max ).
• Mode (ID, EH): In this case, ρ = (1, 0). Similar analysis can be made for mode (EH, ID) with ρ = (0, 1), and thus is omitted. According to (19) and (20), problem (22) (24) is a convex function over 0 ≤ p I 2 ≤ P max ; thus, the optimal solution of p I 2 , i.e.,p I 2 , is either 0 or P max , from which we simply select the one resulting in the larger function value of (24) . To summarize, the optimal solution to problem (P2.2) is in the set, p I ∈ {(P max , 0), (P max , P max )}.
• Mode (ID, ID): Finally, consider the case of ρ = (1, 1).
According to (19) and (20), it can be shown that problem (22) in this case reduces to (P1.3), for which the same on/off solution given in (18) applies.
Based on the above results, it can be inferred that in this case, for each mode, the network coordinator only needs to send an on/off control signal to each of the two Txs since if any of them is switched on, it should transmit with maximum power P max .
2) No Cooperation: For another benchmark scheme, we consider the case when there is no cooperation at the two Txs, and as a result the Rxs perform mode switching independently based on their own observed CSI, thus referred to as no cooperation (NC). It is worth noting that under this setup, the operation of each Tx-Rx link is equivalent to the point-to-point SWIPT system subject to time-varying co-channel interference which is studied in [3] . In this case, we assume that each Tx sends the information signal only to its corresponding Rx with the maximum power P max , over all the fading states, i.e.,
According to (2) and (3), the harvested power and achievable rate at fading state ν for Rx k are expressed as
(26) It then follows that problem (P1) is reduced to the following problem with Rx mode switching variables only:
Similar to (P1) and (P2), problem (P3) can be decoupled into subproblems each for one particular fading state and expressed as (by omitting the fading state ν)
with µ 1 , µ 2 ≥ 0 denoting the dual variables associated with the constraints in (27) for k = 1, 2, respectively. Note that problem (28) can be solved by separately optimizing ρ 1 ∈ {0, 1} and ρ 2 ∈ {0, 1} by Rx 1 and Rx 2, respectively. According to (25) and (26), the optimal solution to problem (28) is given by [3] 
Finally, (P3) can be solved by finding the optimal dual solution (µ
, which can be determined by Rx 1 and Rx 2, respectively, by a simple bisection search.
Note that in this scheme, since there is no Tx-side cooperation, the network coordinator is not needed, which reduces the system complexity as compared to the other two cases of full and partial cooperation.
IV. COLLABORATIVE TRANSMISSION FOR SWIPT:
K -USER CASE
In this section, we study the general K-user SWIPT system with K > 2. Similar to problem (P1), we can formulate the problem to maximize the average sum-capacity subject to the average harvested power constraint for each Rx. However, to avoid the high complexity of exhaustively searching for the optimal operation modes for all users as well as the corresponding signal splitting and precoding matrix for collaborative energy beamforming (as in Section III-B) when K becomes large, we propose a suboptimal scheme with lower complexity. This scheme is referred to as pairwise cooperation, where we divide the K users into K/2 groups (assuming K is even), and then apply the collaboration schemes obtained for the two-user case to the different groups. Furthermore, for a performance benchmark, we present a baseline scheme that is named as joint cooperation, where all the users operate in either ID mode or EH mode synchronously at each fading state, which is inspired by the principle of ergodic interference alignment introduced in [19] . Note that for each scheme, the network coordinator is needed to coordinate the transmission of K users.
A. Pairwise Cooperation
First, we consider the pairwise cooperation based on the transmit cooperation schemes proposed in Section III for the two-user SWIPT system. For this scheme, we first divide the K Tx-Rx pairs into K/2 groups with each group consisting of two Tx-Rx pairs, and then apply the FC scheme in Section III to each group 1 .
We first address the key issue on how to group the users given channel conditions to guarantee good performance of the collaborative WIT and WET design. Although we can exhaustively search over the K(K − 1)/2 possible grouping cases to obtain the one that leads to the best R-E performance, it should be noted that the complexity of such an exhaustive search is very high, i.e., O(K 2 ) as K becomes large. Thus, a more efficient and practical grouping algorithm is needed. However, intuitively there may be no straightforward solution to this problem, due to the conflicting goals between WIT versus WET. Specifically, for WIT, it is desirable to group the users to be far apart, in order to minimize the interference of both the intra-group and inter-group users; however, for WET, strong interference between the intra-group users is advantageous to achieve higher collaborative energy beamforming gains. In order to strike a balance between WIT and WET, we propose a simple grouping algorithm that generally results in weak inter-group interference (for WIT), but strong intra-group interference (for collaborative WET). The main advantages of our proposed grouping algorithm is twofold. First, for collaborative WET, if the intra-group interference is strong, we can maximally exploit the collaborative energy beamforming gain within each group. Second, for efficient WIT, it is also expected that the strong intra-group interference could be avoided to certain extent by the opportunistic mode switching from mode (ID, ID) to mode (ID, EH) (or (EH, ID)), as well as the Tx-side power control in mode (ID, ID).
Our proposed grouping algorithm is implemented as follows. First, we obtain the user indices with the largest average cross-link channel power over all the users in K, i.e., set {m, n} = arg max {k,l} {E ν [|h kl (ν)| 2 ]} k,l∈K,k =l , and then group the mth and nth Tx-Rx pairs to be the first group. Next, we remove the grouped mth and nth pairs from the user set K, and repeat the same user selection until all K users are grouped (assuming K is even).
After the grouping, for simplicity, we assume that each group first ignores the inter-group interference to optimize their collaborative transmit signal design based on the FC scheme, to avoid the complications due to the inter-group interference. However, after the intra-group FC scheme is designed, the actual achievable rate or harvested power for each grouped user pairs is computed by taking into account the inter-group interference for the sake of completeness.
B. Joint Cooperation Based on Ergodic Interference Alignment
Next, we provide an alternative transmit cooperation design for the K-user SWIPT system based on the ergodic interference alignment (E-IA) [19] , as a benchmark scheme for our proposed pairwise cooperation scheme. The main idea of E-IA is as follows. Given any fading state ν, we define its
It was shown in [19] that we can obtain interference-free transmission of the K links if all Txs send the same signals at fading state ν as well as at the complementary fading state ν C that appears in future. Assuming ideal channel quantization and no transmission delay constraint for the purpose of theoretical investigation, each Tx k achieves the average rate
for WIT with maximum transmit power P max . It should be pointed out that perfect E-IA is difficult to achieve in practice due to the required infinitely long transmission delay to achieve half of the interference-free capacity; thus, we consider the scheme based on E-IA as a baseline scheme against which the performance of the proposed pairwise cooperation scheme is compared.
Our proposed joint cooperation for the K-user SWIPT system based on the E-IA is then described as follows. At each fading state ν, we assume that all users operate in either ID mode or EH mode. If ID mode is selected, as for E-IA, all Txs send independent information to their corresponding Rxs and will also send the same signals when the complementary fading state ν C occurs in future. On the other hand, if EH mode is selected, all Txs cooperatively send energy signals to all Rxs via energy beamforming. At each fading state ν, similar to (1), we define an indicator function as ρ IA (ν) = 1, ID mode is active, 0, EH mode is active.
Then, for fading state ν, the achievable rate of Rx k ∈ K based on the E-IA is given by
On the other hand, similar to (2), the harvested power at Rx k at fading state ν is expressed as
(31) Similar to problem (P1), to characterize the resulting R-E performance of the above E-IA based joint cooperation scheme, we formulate the following problem.
denotes the feasible set for S E (ν) subject to the peak transmit power constraint at each Tx.
Similar to the two-user case, problem (P4) can be decoupled into subproblems each for one fading state and expressed as (by omitting the fading state ν)
with µ k ≥ 0, k ∈ K, denoting the dual variable associated with the harvested power constraint in (32). Problem (33) can be solved by first obtaining the optimal S E , denoted byS E , that maximizes f
and then finding ρ IA ∈ {0, 1} to maximize f IA ν (ρ IA ,S E ). First, if ρ IA = 1, according to (30), it follows that withS E = Diag(P max , ..., P max ),
Next, if ρ IA = 0, according to (31), problem (33) is expressed as
where I k is defined such that [I k ] n,m = 1 if n = m = k and 0 otherwise. In fact, problem (P4.1) generalizes problem (P1.1) to the case with K > 2, which is also a SDP. Although the closed-form solution of (P4.1) cannot be obtained with K > 2 (unlike (P1.1) in the special case of K = 2), we can apply existing software e.g., CVX [21] to solve this problem efficiently. According to (35) and (36), the optimal mode to problem (33) is obtained as
Thus, given any set of dual variables {µ k }, k ∈ K, problem (33) is efficiently solved. Finally, to find the optimal dual solution {µ ⋆ k }, k ∈ K, similarly as in Section III-B, the ellipsoid method can be applied. Problem (P4) is thus solved.
It is worth noting that unlike (P1.1) in the two-user case, in general the optimal solution to (P4.1) is not guaranteed to be of rank one with K > 2, and thus more than one energy beams may need to be transmitted by the K Txs for achieving the optimal WET, with which the comparison with pairwise cooperation (which adopts only a single energy-beam at all the Txs, as shown in Section III) may not be fair. To compensate this in some extent, the so-called randomization techniques (see, e.g., [24] and references therein) can be employed to generate good suboptimal rank-one solutions based on the optimal solution of (P4.1) obtained without applying any rank constraint, for which the details are omitted for brevity.
V. SIMULATION RESULTS
In this section, we evaluate the performance of the proposed cooperation schemes for SWIPT by simulation. We set the peak transmit power as P max = 20 dBm or 0.1 watt (W), the noise power as σ 2 k = −50 dBm, and the Rx energy harvesting efficiency as ζ = 0.7. In the following, we first show the results for the two-user SWIPT system, and then present the results for the general K-user SWIPT system. 
A. Two-User SWIPT System
In this subsection, we consider a two-user SWIPT system. First, we show the performance gains for the two modes of (EH, EH) and (ID, EH) (or (EH, ID)) assuming an AWGN channel by the proposed full cooperation (FC) scheme with transmit energy beamforming and signal splitting, as compared to the existing partial cooperation (PC) and no cooperation (NC) schemes. By solving problems (P1.1) and (P1.2) with different weights, we obtain the resulting energyenergy (E-E) region and R-E region for the (EH, EH) mode and (ID, EH) mode, respectively, shown in Figs. 2 and 3 , respectively. The channels are set as h 11 = 0.0307e j1.7683 , h 12 = 0.0241e −j2.6973 , h 21 = 0.0349e −j1.4011 , and h 22 = 0.0258e j2.8246 , assuming an average 30 dB of signal power attenuation for each pair of Tx and Rx. Notice that for the case of NC, only one single E-E or R-E point for the two links is achieved (see point A and point B in Figs. 2 and  3 , respectively). For (EH, EH) mode or (ID, EH) mode, it can be observed from Fig. 2 or Fig. 3 that the achievable E-E or R-E region by the proposed FC scheme remarkably outperforms that with PC and NC, thanks to the collaborative energy beamforming and the optimal signal splitting at the two Txs.
Inspired by the E-E and R-E performance gains in the AWGN channel, next, we show the simulation results on the achievable R-E region over flat-fading channels for different schemes, by solving problems (P1), (P2), and (P3) by setting different harvested power targetsQ 1 andQ 2 for the two Rxs. In the simulation, we independently generate a sufficiently large number of fading states to approximate the continuous fading channel, and the theoretical expectation is obtained by sample average. For the simulation setup, it is assumed that Tx 1 and Tx 2 are located in two opposite corners in a 5m×5m squared region, as shown in Fig. 4 . Under this setup, the lineof-sight (LoS) signal plays the dominant role, and thus Rician fading is used to model the channel, where for each fading state ν the complex channel h kl (ν), k, l ∈ K, is defined as
whereĝ is the LoS deterministic component with |ĝ| 2 = 1; g kl (ν) is a CSCG random variable with zero mean and unit variance denoting the short-term (Rayleigh) fading 2 ; M is the Rician factor specifying the power ratio between the LoS and fading components in g kl (ν), which is set as M = 3; c 0 = −20 dB is a constant attenuation due to the path-loss at a reference distance r 0 = 1m at a carrier frequency assumed as f c = 900MHz; ξ = 3 is the path-loss exponent, and r kl is the distance between Tx l and Rx k. For the purpose of exposition, we compare the following two cases with different Rx locations: In the first case, referred to as Case 1, Rx 1 and Rx 2 are both located at the center of the region as shown in Fig. 4(a) , in which both direct-link and interference-link have the same average received signal power for the two Rxs, while in the second case, referred to as Case 2, Rx 1 (Rx 2) is located closer to Tx 1 (Tx 2) than Rx 2 (Rx 1) as shown in Fig. 4(b) , in which the direct-link power is stronger than the interference-link power for each of the two links.
Under the above setup, the achievable R-E regions are shown in Fig. 5 . Note that we have setQ 1 =Q 2 =Q to plot the R-E regions. First, for both Cases 1 and 2, it is observed that the proposed FC achieves the best R-E trade-off as compared to the existing PC and NC schemes. Next, as observed from Fig. 5 , the gain of FC is more substantial in Case 1 than that in Case 2 (due to stronger interference-link power). Finally, it is observed that the R-E performance for each of the FC/PC/NC schemes is better in Case 2 than that in Case 1 (due to stronger direct-link power). The above results provide useful insights on how these schemes could perform in practical systems with different Tx and Rx locations.
B. Multiuser SWIPT System
Next, we consider the K-user SWIPT system with K > 2. We assume that K = 4, and the channel model is similarly defined as in (37). The Tx/Rx locations are shown in Fig. 6 . Note that the grouping case 1 in Fig. 6(a) is given by our proposed grouping algorithm in Section IV-A, which results in weaker inter-group interference but stronger intra-group interference as compared to the grouping case 2 in Fig. 6(b) . Also note that the result on the E-IA based joint cooperation is based on suboptimal energy beamforming scheme with one single energy beam, obtained by randomization technique in Section IV-B. First, as observed from Fig. 7 , under this particular setup, the E-IA based joint cooperation achieves better R-E trade-off than that of pairwise cooperation, thanks to the Txs' joint collaborative energy beamforming and E-IA based DoF (degrees-of-freedom) optimal WIT under the high-SNR regime considered here due to short-range communication 3 . Next, it is observed that for the pairwise cooperation, the grouping case 1 in Fig. 6(a) by our proposed grouping algorithm performs better than the grouping case 2 in Fig. 6(b) . In fact, it has been verified by exhaustive search that under this setup the grouping case 1 is indeed optimal.
VI. CONCLUSIONS
This paper has studied SWIPT under a multiuser interference channel setup. A new transmit scheme is proposed, namely signal splitting, to facilitate collaborative transmit energy beamforming. For the two-user case, we derive the optimal receiver mode switching rule and corresponding transmit optimization to achieve various R-E trade-offs over fading channels. By comparing the two existing schemes with partial/no transmit cooperation, we show by simulation that there are notable R-E performance gains in SWIPT achieved by the proposed full cooperation scheme. Finally, the general case of multiuser SWIPT system is investigated and two cooperation schemes are proposed, which are users' groupingbased pairwise cooperation and ergodic interference alignment based joint cooperation, respectively.
As for future work, it will be interesting to extend the results to the MIMO multiuser SWIPT system with multiple antennas at the transmitters and receivers, where spatial-domain interference alignment can be jointly designed with collaborative energy beamforming to optimize the R-E performance.
Since it has been shown above that λ ⋆ k 's are strictly positive, it follows from (45) that Tr(I kSE ) = P max , k = 1, 2.
Therefore, sinceS E is Hermitian, it can be expressed as
